We compared dressed-photon-phonon (DPP) etching to conventional photochemical etching and, using a numerical analysis of topographic images of the resultant etched polymethyl methacrylate (PMMA) substrate, we determined that the DPP etching resulted in the selective etching of smaller scale structures in comparison with the conventional photochemical etching. We investigated the wavelength dependence of the PMMA substrate etching using an O 2 gas. As the dissociation energy of O 2 is 5.12 eV, we applied a continuous-wave (CW) He-Cd laser ( = 325 nm, 3.81 eV) for the DPP etching and a 5th-harmonic Nd:YAG laser ( = 213 nm, 5.82 eV) for the conventional photochemical etching. From the obtained atomic force microscope images, we confirmed a reduction in surface roughness, , in both cases. However, based on calculations involving the standard deviation of the height difference function, we confirmed that the conventional photochemical etching method etched the larger scale structures only, while the DPP etching process selectively etched the smaller scale features.
Introduction
Organic materials are flexible in comparison with inorganic substrates; therefore, they are important materials as regards the development of future wearable devices [1] . Recently, organic substrates with microstructures have been prepared by mechanical pressing, an injection molding method [2] , and the surface roughness values of the obtained materials have been determined by use of a pressing mold. However, because the resultant plastic is soft, these organic substrates cannot be flattened using a mechanical polishing method. Furthermore, although plastic substrates are easy to fabricate in three-dimensional structures, the side walls of these structures cannot be flattened.
In order to achieve an ultraflat surface on an inorganic material, many groups have developed a chemical mechanical polishing (CMP) method [3] , resulting in a subnanometer scale flattened surface [4] . However, since CMP is a contact method, it leads to the formation of scratches or digs during polishing, while chemical materials in the slurry penetrate the polished surface, resulting in performance degradation. Therefore, we have developed a dressed-photon-phonon (DPP) etching technique [5] as a noncontact flattening method. In this process, the free photons of propagating light are coupled with material excitation, including electrons and holes, of the nanoscale material structures; in other words, the photons interacting with the nanoscale material dress the material excitation to form a dressed photon (DP) quasiparticle. The DP also couples with multiple-mode coherent phonons in the material, which act as quasiparticle of DP and phonons (DPP). Therefore, the DPP energy is higher than that of the incident free photon; that is, the DPP realizes energy upconversion [6] . By using the energy upconversion mechanism, selective etching of the nanoscale structure can be successfully realized. Previously, we obtained ultraflat surfaces on substrates including glass [5] , diamond, and GaN [7] . Since DPP etching does not require a contact pad, three-dimensional structures have also been flattened [8] .
Here, we compare the effectiveness of the DPP etching technique to that of conventional photochemical etching. To evaluate the effectiveness of the DPP etching, we perform calculations based on the standard deviation of the height difference function in addition to the surface roughness, .
Here, we observe the wavelength dependence of photochemical etching on polymethyl methacrylate (PMMA) substrate as a plastic material.
DPP Etching
To realize DPP etching, the photon energy of the light source, 1 , must be lower than the dissociation energy of the etching molecule, dis . Therefore, the incident photon cannot dissociate the etching molecules in a gas phase. However, the DPP is generated at the apex of the protrusions of the surface. Furthermore, since the DPP energy, DPP , is larger than that of 1 , the etching molecules are dissociated selectively when they enter the proximity of the protrusions (Figure 1(a) ). Consequently, the dissociated radical molecules etch away at the protrusions and, thus, the DPP etching process automatically stops when the surface is sufficiently flattened (Figure 1(b) ). In contrast to DPP etching, when conventional plasma etching or conventional photochemical etching is used, the photon energy of the light source, 2 , is higher than dis , and the etching molecules are dissociated in all directions (Figure 1(c) ). Therefore, the dissociated radical atoms etch the substrate with no position dependence (Figure 1(d) ).
Experiment
In this study, we used a PMMA substrate prepared by injection molding in an oxygen atmosphere. Because the dissociation energy of O 2 is 5.12 eV [9] , we used a continuous-wave (CW) He-Cd laser ( = 325 nm; 3.81 eV; excitation power: 0.8 W/cm 2 ) for DPP etching and a 5th-harmonic YAG laser ( = 213 nm; 5.82 eV; 20 Hz; pulse width: 5 ns) for conventional photochemical etching. The surface structure was evaluated using an atomic force microscope (AFM) with a "sampling intelligent scan" mode (Hitachi-Hitech-Science Corp.). The scanned area was 1 × 1 m and incorporated 256 × 256 pixels (a spatial resolution of 4 nm) and the AFM images were obtained using tilt compensation and the third-order least-squares method.
Results and Discussion
Figures 2(a) and 2(b) are AFM images of the surface before and after DPP etching, respectively. It was found that the surface roughness, , was reduced from 0.30 to 0.22 nm following 120 min DPP etching (Figure 3) . Similar reduction was observed following conventional photochemical etching, as can be seen from the AFM images taken before (Figure 2 Figure 3 . It can be seen that the usage of conventional photochemical etching resulted in a dramatic decrease in etching time.
To investigate the surface morphology in detail, we used the method developed in our previous reports [7] . Instead of examining the value of only, which is the average value of the absolute surface height deviations from the best-fitting plane (Figure 4(a) ), we used the standard deviation of the height difference function. Here, the value Advances in Optical Technologies provides information about the average surface roughness for the entire scanning region. However, the standard deviation of the height difference function is given by ( ) = √ ⟨(
, where is the scale size, is the height from the best-fitting plane, and ( ) is the average value of the scale (Figure 4(b) ) [10] . This ( ) can be used to determine the contributions of the surface roughness values (at different length scales) to the overall surface roughness. As this value 
Before etching After 120 min etching using 3.81 eV Before etching After 5 min etching using 5.82 eV indicates the height difference of the next scale, it is known as a two-sample variance. This value is known as the Allan variance, and it is a measure of frequency stability in clocks, oscillators, and amplifiers. less than 100 nm. These results therefore establish that DPP etching selectively etches on a smaller scale, as the ( ) value for the DPP etched is smaller than that of the conventional photochemical etching at < 35 nm (indicated by the arrow in Figure 4 ). The increase in ( ) at the smaller scale for the conventional photochemical etching case might be caused by ablation due to the higher photon energy used in this method, in comparison with that of the chemical bonding of PMMA [11] .
Conclusion
Through an experiment on the wavelength-dependent etching of a polymethyl methacrylate (PMMA) substrate and Advances in Optical Technologies 5 calculations based on the standard deviation of the height difference function of the resultant surface, we determined that dressed-photon-phonon (DPP) etching results in the selective etching of smaller scale structures in comparison with conventional photochemical etching. This information therefore supports the use of the DPP etching method for the surface finishing of organic materials. In future, by combining both DPP and conventional photochemical etching, a further decrease in the value could be realized depending on the value of the substance in question.
